Several gram-negative bacterial pathogens employ a virulence strategy known as type III secretion to establish host infections (19). Three pathogenic Yersinia species, Yersinia pestis, Y. pseudotuberculosis, and Y. enterocolitica, share a common tropism for lymphatic tissues in their mammalian hosts (12). Yersiniae use the type III pathway for the secretion of virulence factors into the extracellular milieu (33, 35) and for the injection of effector Yops (Yersinia outer proteins) into the cytoplasm of host macrophages (48). Effector Yops control the fate of host cells, preventing phagocytosis and ultimately inducing cell death (12). There are 14 known type III secretion substrates in Y. enterocolitica, all of which are encoded within a 70-kb virulence plasmid (38). Six of these, YopE, YopH, YopM, YopO, YopP, and YopT, represent effector proteins (7, 20, 24, 31, 39, 40, 42, 48 Upon entry into the host, Yersinia organisms respond to a temperature increase to 37°C and activate transcription of type III genes (21, 26). Synthesis and assembly of the type III apparatus is cued by a serum amino acid signal (34). A serum protein signal triggers the secretion of a subset of type III substrates (YopB, YopD, YopR, and LcrV) into the extracellular milieu (34). Finally, bacterial contact with macrophages results in a massive up-regulation of effector yop gene expression and subsequent injection of effector Yop substrates through type III needle complexes (43, 48), which extend into the cytoplasm of host cells (27, 34) . Host cell contact provides a signal for type III transport by decreasing environmental calcium concentration from the millimolar range (serum concentration) to nanomolar concentrations in the host cell cytoplasm (34, 44) . This phenomenon, termed the low-calcium response (Lcr), can be reconstituted in vitro, allowing for the study of type III secretion by Yersinia through chelation of calcium ions and recovery of Yop proteins from culture media (21, 38) .
Several gram-negative bacterial pathogens employ a virulence strategy known as type III secretion to establish host infections (19) . Three pathogenic Yersinia species, Yersinia pestis, Y. pseudotuberculosis, and Y. enterocolitica, share a common tropism for lymphatic tissues in their mammalian hosts (12) . Yersiniae use the type III pathway for the secretion of virulence factors into the extracellular milieu (33, 35) and for the injection of effector Yops (Yersinia outer proteins) into the cytoplasm of host macrophages (48) . Effector Yops control the fate of host cells, preventing phagocytosis and ultimately inducing cell death (12) . There are 14 known type III secretion substrates in Y. enterocolitica, all of which are encoded within a 70-kb virulence plasmid (38) . Six of these, YopE, YopH, YopM, YopO, YopP, and YopT, represent effector proteins (7, 20, 24, 31, 39, 40, 42, 48) . The remaining substrates regulate Yop synthesis or secretion (LcrV, YopD, YopN, YopQ, YscM1, and YscM2) (2, 29, 41, 46, 52, 55) , facilitate type III transport reactions (LcrV, YopB, and YopD) (23, 28) , or assume other pathogenetic functions (YopB and YopR) (5, 35) .
Upon entry into the host, Yersinia organisms respond to a temperature increase to 37°C and activate transcription of type III genes (21, 26) . Synthesis and assembly of the type III apparatus is cued by a serum amino acid signal (34) . A serum protein signal triggers the secretion of a subset of type III substrates (YopB, YopD, YopR, and LcrV) into the extracellular milieu (34) . Finally, bacterial contact with macrophages results in a massive up-regulation of effector yop gene expression and subsequent injection of effector Yop substrates through type III needle complexes (43, 48) , which extend into the cytoplasm of host cells (27, 34) . Host cell contact provides a signal for type III transport by decreasing environmental calcium concentration from the millimolar range (serum concentration) to nanomolar concentrations in the host cell cytoplasm (34, 44) . This phenomenon, termed the low-calcium response (Lcr), can be reconstituted in vitro, allowing for the study of type III secretion by Yersinia through chelation of calcium ions and recovery of Yop proteins from culture media (21, 38) .
In Y. pestis and Y. pseudotuberculosis, effector yop expression as a result of host cell contact is controlled by LcrQ (43, 46) . The lcrQ gene encodes a 12-kDa secretion substrate that blocks the expression of effector yop genes in the bacterial cytoplasm (46) . Depletion of LcrQ from the cytoplasm via type III secretion or lowering of its intracellular concentration has been predicted to function as a switch that controls the amplitude of yop expression (43, 57) . This model resembles the transcriptional control of flagellar biosynthesis, a type III pathway that is regulated by the sigma factor 28 (FliA) and its cognate anti-sigma factor, encoded by flgM. As Salmonella enterica serovar Typhimurium completes the flagellar hook and basal body, FlgM is depleted from the cytoplasm via secretion, thereby allowing FliA-mediated transcription of flagellin genes (30) . While these models share similarities, LcrQ does not appear to function as an anti-sigma factor and it requires at least two additional factors to regulate yop expression (see below).
A deletion in lcrQ fails to block the expression of effector yop genes but does not lead to premature secretion of this subset of proteins, suggesting that LcrQ acts only at the level of expression but does not control secretion reactions (43) . Further, overexpression of lcrQ abolishes effector yop synthesis under conditions that promote type III secretion (low calcium) (55, 57) . Y. enterocolitica carries two homologs of lcrQ on the virulence plasmid, yscM1 and yscM2 (52) . Knockout mutations in yscM1 and yscM2, but not single mutations, display the lcrQ phenotype (9, 52) . Overexpression of each gene alone (yscM1 or yscM2) is sufficient to block the expression of yop genes in a wild-type bacterial cell, but yscM1 and yscM2 alone are not fully sufficient for this repressor activity (9) . YopD in Y. pestis, a type III secretion substrate required for the injection of effector Yops, and LcrH (SycD) in Y. pseudotuberculosis, a chaperone required for the secretion of YopD, are both essential for LcrQ activity (17, 46, 55) . In Y. enterocolitica, both yopD and lcrH were found to be required for yscM1-and yscM2-mediated regulation, and all four genes act synergistically at the same regulatory step to block the expression of yop genes (2, 9) . Recent studies suggested that YopD, LcrH, YscM1, and YscM2 block expression of yop genes by a posttranscriptional mechanism (2, 9) . yopQ is the most tightly regulated type III secretion substrate in Y. enterocolitica and has been used as a model for the study of regulation (2) . Mutations in yopD, lcrH, or yscM1/yscM2 result in synthesis of YopQ in the presence of calcium, an environmental condition where yopQ is normally not expressed (2) . Although yopQ is not translated in strains that are grown in the presence of calcium, transcript levels remain similar in cells irrespective of calcium concentration, suggesting a translational regulation of yopQ expression (9). Overexpression of yscM1 or yscM2 does not affect the levels of transcript of yopQ but eliminates any YopQ immunoreactive signal (9) . This translational block has been mapped to the 5Ј untranslated region of yopQ mRNA, where a conserved sequence 5Ј-AUAAA-3Ј common to the 5Ј untranslated regions of several effector yop genes was found to be necessary for yscM1/yscM2 mediated regulation (9) . In vitro, purified YopDLcrH complex has also been shown to have an affinity for a nucleotide Ϫ45 to ϩ 45 yopQ mRNA, suggesting that YopD, LcrH, YscM1, and YscM2 prevent translation of yop mRNAs (2) .
The type III injection of effector Yops requires binding factors in the bacterial cytoplasm, named Syc (specific Yop chaperones) (53) . Syc proteins are small acidic (10 to 20 kDa) polypeptides that bind cognate Yop substrates in the bacterial cytoplasm (54) . Although the Syc-Yop protein interaction is required for the injection of Yop substrates during infection, it is dispensable for the secretion of Yop proteins in vitro (10) . Yop proteins destined for transport into host cells harbor two signals; one signal is located in 5Ј mRNA coding sequence (N-terminal signal) (3, 37, 45) , and the second signal is located downstream and encodes the binding site for the cognate Syc chaperone (11, 50) . SycH is a chaperone for YopH, a tyrosine phosphatase that targets focal adhesions in macrophages (6, 14, 56) . YopH harbors multiple domains, including a C-terminal enzymatic domain and an N-terminal secretion signal domain (50) . YscM1 and YscM2 share a high degree of sequence identity with the N-terminal domain of YopH, especially in the SycH binding domain between residues 20 and 69 (56) . This similarity is functional, as both YscM1 and YscM2 bind SycH in vitro (8) . Previous work suggested that YopH, LcrQ, and YscM1 are injected into host cells; however, the subcellular localization of YscM2 during infection has been unresolved (8, 42) .
We show here that SycH is required for the injection of YopH, YscM1, and YscM2 into the cytoplasm of HeLa cells. Two independent assays were used to measure YscM1 and YscM2 injection, digitonin fractionation and microscopic detection of FlAsH-labeled polypeptides (1) . Reporter fusions of YscM1 and YscM2 to neomycin phosphotransferase revealed sequences required for regulatory activity and for secretion in the absence of SycH. The binding of SycH to YscM1 and YscM2, both in the presence and in the absence of functional type III pathways, induced the expression of effector yop genes, and this level of regulation is shown to be independent from factors that regulate secretion. We predict that a population of YscM1 and YscM2 blocks expression of yop genes when they are not bound to SycH, and it appears that SycH binding, but not YscM1 and YsM2 secretion, may induce effector yop expression.
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains and plasmids used in this study are summarized in Table 1 . Y. enterocolitica strain EC8 (⌬sycH) was constructed by allelic exchange utilizing the suicide plasmid pEC⌬sycH, which carries a deletion mutant allele of sycH. Strain EC8 was generated through mating of Escherichia coli S17-1(pEC⌬sycH) with Y. enterocolitica EC2 [⌬(yscM1, yscM2)]. Strain EC10 (⌬yopH) was constructed by allelic exchange utilizing the suicide plasmid pEC⌬yopH, which carries a deletion mutant allele of yopH, in a mating of E. coli S17-1(pEC⌬yopH) with Y. enterocolitica W22703(pYVe227) by using a previously described technology (10) .
Plasmid pDA41 (pHSG576, low copy) (3) was cut with NdeI and KpnI, and the vector fragment was ligated to yscM1 open reading frame (ORF) fragments containing 5Ј NdeI and 3Ј KpnI sites synthesized with the primers YscM1.1 (5Ј-AACATATGAAAATCAATACTCTTCAATCG-3Ј) and YscM1.2 (5Ј-AAG GTACCGCCGTCAGCCGCCGTATC-3Ј), thereby generating pEC124, or with primers YscM1.1 and YscM1.3 (5Ј-AAGGTACCCTTGCCCTGCTTTAGTTC CA-3Ј), generating pEC125. Ligation of NdeI-and KpnI-digested pDA41 with yscM2 ORF fragments synthesized with the primers YscM2.8 (5Ј-AACATATG GAAATAAACGATCTTCAATC-3Ј) and YscM2.9 (5Ј-AAGGTACCAGTTGT GATATTAAAGCTTTTGC-3Ј) generated pEC130, and synthesis with YscM2.8 and YscM2.10 (5Ј-AAGGTACCTTTTTTTCCTTGACTTAACTCAA-3Ј) generated pEC131. A similar approach was used to generate pEC126 and pEC132 by ligating pDA41 vector cut with NdeI and KpnI to a set of annealed oligonucleotides, M1/1-15ϩ (5Ј-TATGAAAATCAATACTCTTCAATCGTTAATAA ATCAACAAATTACCGGTAC-3Ј) and M1/1-15Ϫ (CGGTAATTTGTTGATT TATTAACGATTGAAGAGTATTGATTTTCA-3Ј) for pEC126 and M2/1-15ϩ (5Ј-TATGGAAATAAACGATCTTCAATCATTAATAAGCATGCAAATTG CAGGTAC-3Ј) and M2/1-15Ϫ (5Ј-CTGCAATTTGCATGCTTATTAATGAT TGAAGATCGTTTATTTCCA-3Ј) for pEC132, which contain codons 1 to 15 of yscM1 or yscM2 between NdeI and KpnI restriction sites. pEC150 was constructed through ligation of pEC260 (pMPM, low copy) (9) vector backbone to a sycH ORF fragment containing 5Ј NdeI and 3Ј BamHI sites generated with the primers SycH6 (5Ј-AACATATGCGCACTTACAGTTCATTAC-3Ј) and SycH7 (5Ј-AAGGATCCTTAAACCAGTAAATGAGATGATG-3Ј). pEC442 was constructed through ligation of pEC347 (pMPM, low copy) (9) vector cut with KpnI and BamHI to a sycH ORF fragment containing 5Ј KpnI and 3Ј BamHI sites generated with the primers SycH5 (5Ј-AAGGTACCCGCACTTACAGTTCAT TAC-3Ј) and SycH7. pEC159 and pEC160 were generated through ligation of pEC345 (8) GTGATATTAAAGCTTTTGC-3Ј) for pEC160. pEC⌬yopH was constructed through a three-way ligation of pLC28 (11) liberated with XhoI and XbaI with a 5Ј XhoI/NcoI fragment containing ϳ1,000 bases upstream relative to the yopH translational start plus the first 10 codons generated with the primers YopH1 (5Ј-AACTCGAGGGGCAGGCCGGTCTCAC-3Ј) and YopH2 (5Ј-AACCATG GCGATGAAGATCGCTTAATGATA-3Ј) and a 5Ј NcoI/XbaI fragment containing the last 10 codons and ϳ1,200 nucleotides downstream of the stop codon generated with the primers YopH3 (5Ј-AACCATGGACAAGGGCGACCATT ATTAAAT-3Ј) and YopH4 (5Ј-AATCTAGACACTCGGATCAAGGCAGTC-3Ј). pYVe227 was used as a template for all PCRs with a standard protocol. Ligations were transformed into E. coli DH5␣ and screened by restriction analysis. Plasmid constructs were sequenced by fluorescent-labeled dideoxy chain termination PCRs (University of Chicago CRC DNA Sequencing facility). All DNA cloning manipulations were performed with pCR2.1 (Invitrogen) in E. coli DH5␣. Plasmid constructs were electroporated into Yersinia strains, and transformants were selected on tryptic soy agar plates supplemented with chloramphenicol (20 g ml Ϫ1 ) or tetracycline (5 g ml Ϫ1 ) and incubated at 26°C. Yersinia secretion. Yersinia strains were grown in tryptic soy broth (TSB) supplemented with 5 mM CaCl 2 (ϩCa 2ϩ ) or 5 mM EGTA (ϪCa 2ϩ ) to induce the type III pathway, and protein secretion was measured by immunoblotting of culture medium and bacterial extracts as previously described (9) .
Affinity purifications. Yersinia strains were grown to stationary phase overnight in TSB supplemented with chloramphenicol (20 g ml Ϫ1 ) and diluted 1:50 in 1 liter of fresh TSB supplemented with 5 mM CaCl 2 (ϩCa 2ϩ ) and antibiotics in Erlenmeyer flasks. Cultures were incubated on an orbital shaker (150 rpm) for 2 h at 26°C and induced at 37°C for 3 h. Expression constructs were induced at the time of temperature shift with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG). Cultures were centrifuged at 8,000 ϫ g for 10 min at 4°C. Bacterial pellets were suspended in 20 ml of lysis buffer (20 mM HEPES-NaOH [pH 6.8], 150 mM potassium acetate, 2 mM magnesium acetate, 2 mM dithiothreitol, 0.1% Casamino Acids) and lysed with a French pressure cell (18,000 lb/in 2 ). Lysates were clarified by centrifugation at 32,500 ϫ g for 10 min at 4°C. Twenty milliliters of clarified lysates was loaded onto glutathione-Sepharose columns. Columns were washed with 20 ml of lysis buffer, 20 ml of lysis buffer with 10% glycerol, and 20 ml of lysis buffer. Columns were eluted with 4 ml of 20 mM glutathione in lysis buffer. Eluates were suspended in sample buffer and analyzed by sodium dodecyl sulfate-15% polyacrylamide gel electrophoresis (SDS-15% PAGE) and immunoblotting.
Gel filtration chromatography. Yersinia strains were grown to stationary phase overnight in TSB and diluted 1:50 in 2 liters of fresh TSB supplemented with 5 mM CaCl 2 (ϩCa 2ϩ ) or 5 mM EGTA (ϪCa 2ϩ ) in Erlenmeyer flasks. Cultures were incubated on an orbital shaker (150 rpm) for 2 h at 26°C and induced at 37°C for 3 h. Cultures were centrifuged at 8,000 ϫ g for 10 min at 4°C. Bacterial pellets were suspended in 20 ml of lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM dithiothreitol) and lysed with a French pressure cell (18,000 lb/in 2 ). Lysates were clarified by centrifugation at 32,500 ϫ g for 10 min at 4°C. Clarified lysates (0.5 ml) were separated on a Superdex 75 gel filtration column via fast protein liquid chromatography (Amersham Pharmacia). One-milliliter fractions were collected, mixed with sample buffer, and examined by immunoblotting.
Digitonin fractionation. HeLa (CCL-2) cells were grown in 15 ml of Dulbecco's modified Eagle medium (DMEM), 10% fetal bovine serum, and 2 mM glutamine to 80 to 90% confluence in 75-cm 2 tissue culture flasks at 37°C-5% CO 2 . Two hours prior to infection, overnight Yersinia cultures were diluted 1:20 in 20 ml of TSB with appropriate antibiotics and incubated at 26°C on an orbital shaker. One hour prior to infection, HeLa cells were washed twice with 5 ml of 1ϫ phosphate-buffered saline (PBS), 10 ml of DMEM-1 mM IPTG (where appropriate) was added to each flask, and the mixtures were incubated. Expression constructs in Yersinia strains were induced by the addition of 1 mM IPTG 15 min prior to infection. Aliquots of HeLa cells were counted, and each flask was inoculated with Yersinia strains at a multiplicity of infection of 10. Flasks were incubated for 3 h at 37°C-5% CO 2 . Culture medium was decanted and centrifuged at 32,000 ϫ g for 15 min to separate soluble proteins from nonadherent bacteria. Ten milliliters of 1% digitonin in 1ϫ PBS was added to the HeLa cell monolayer containing adherent bacteria, and flasks were shaken at 26°C for 20 min. HeLa cells were scraped off, and samples were centrifuged at 32,500 ϫ g for 15 min. Seven-milliliter aliquots were withdrawn and precipitated with methanolchloroform, and the remaining supernatants were discarded. The sediments were suspended in 10 ml of 1% SDS in 1ϫ PBS, and 7-ml aliquots were precipitated with methanol-chloroform. Protein precipitates were solubilized in sample buffer and examined by immunoblotting. Phalloidin labeling of eukaryotic cells. HeLa cells (2.5 ϫ10 5 ) were seeded onto 18-mm-diameter glass coverslips in 12-well tissue culture plates containing 1 ml of DMEM, 10% fetal bovine serum, and 2 mM glutamine per well and incubated for 24 h at 37°C-5% CO 2 . Two hours prior to infection, overnight Yersinia cultures were diluted 1:20 in TSB with the appropriate antibiotics and incubated at 26°C on a roller wheel. One hour prior to infection, HeLa cells were washed with 1 ml of PBS, 1 ml of DMEM-1 mM IPTG (where appropriate) was added to each well, and plates were returned to the incubator. Expression constructs in Yersinia strains were induced by the addition of 1 mM IPTG 15 min prior to infection. Yersinia cells (5 ϫ 10 6 ) were inoculated (multiplicity of infection, 10:1) and allowed to infect for 3 h at 37°C-5% CO 2 . The medium was removed, and each well was washed with 1 ml of PBS. Cells were fixed with 3.7% formaldehyde in PBS for 20 min on a shaker at room temperature. Fixed samples were quenched with the addition of 1 ml of 0.1 M glycine for 10 min. Samples were permeabilized with 1 ml of 1% Triton X-100 in PBS for 30 min, blocked with 1 ml of 5% skim milk and 0.05% Tween 20 in PBS for 15 min, labeled with 1 ml of 165 nM Texas red-conjugated phalloidin (Molecular Probes) in 5% skim milk and 0.05% Tween 20 in PBS for 20 min, covered (dark), and shaken at room temperature. The labeling solution was removed, and each well was washed four times with 1 ml of PBS, aspirated, and dried for 1 h. Coverslips were affixed to glass slides and visualized with an Olympus AX RL module microscope. Texas red-phalloidin visualization was achieved through excitation (591 nm) and emission (608 nm) with a U-MNG cube. Photos were captured with a Hamamatsu Ocra digital camera.
FlAsH labeling of eukaryotic cells. HeLa cells were seeded onto 18-mmdiameter glass coverslips, grown, and infected with Yersinia as described above. Cells were fixed with 3.7% formaldehyde in PBS for 20 min on a shaker at room temperature. Samples were quenched with the addition of 1 ml of 0.1 M glycine for 10 min. Wells were washed with 1 ml of PBS. Samples were labeled with 1 ml of 1 M FlAsH-EDT 2 (Panvera) in HBS (50 mM HEPES-NaOH [pH 7.5], 140 mM NaCl), 10 mM glucose, 1 mM Na pyruvate, and 20 M ethanedithiol (EDT) for 1 h, covered (dark), and shaken at room temperature. The labeling solution was removed, and samples were washed with 1 ml of HBS containing 10 mM glucose, 1 mM Na pyruvate, 1 mM Patent Blue V, 20 M EDT, and 20 M Disperse Blue 3 for 30 min, rinsed with 1 ml of buffer minus blue dyes, aspirated, and dried for 1 h. Coverslips were affixed to glass slides and visualized with an Olympus AX RL module microscope. FlAsH visualization was achieved through excitation (500 nm) and emission (535 nm) with a U-MNIB cube. Photos were captured with a Hamamatsu Ocra digital camera.
Amino acid sequence alignment. The sequences of YscM1 (NP_052423), YscM2 (NP_052432), and YopH (NP_052424) were obtained from GenBank (accession no. AF102990). Studies with yscM2 in this work utilize a second translational start site that is four codons downstream of the predicted translational start site of the yscM2 sequence in GenBank. We predict this allele to be the actual start site for yscM2, as the polypeptide retains repressor function and the sequence carries type III secretion signal information. Sequence alignment was performed by using Multalin multiple-sequence alignment.
RESULTS

Yersinia targets YscM1 and YscM2 in the cytoplasm of HeLa cells. Previous work left unresolved the fate of YscM2 during
Yersinia infection of tissue culture cells (8) . To address this question, we raised a new polyclonal rabbit antiserum against purified YscM2 (data not shown). To determine the localization of YscM2, wild-type Y. enterocolitica was allowed to infect confluent HeLa cell monolayers for 3 h at 37°C. Tissue culture medium was decanted and centrifuged to separate nonadherent bacteria in the sediment from the extracellular medium in the supernatant. Adherent bacteria and HeLa cells were extracted with 1% digitonin, a detergent that selectively permeabilizes cholesterol-containing membranes without disturbing the integrity of the bacterial envelope (33) . Extract was harvested and centrifuged to separate the sediment containing bacteria and cellular debris from host cell cytoplasm in the supernatant. Proteins in each fraction were precipitated with chloroform-methanol and analyzed by SDS-PAGE and immunoblotting. As expected, digitonin extraction released host p130
Cas and Yersinia effectors YopE and YopH from the cytoplasm of HeLa cells (Fig. 1) . Yersinia SycH remained associated with the bacteria and sedimented into the pellet fraction after digitonin extraction, and YopR was found secreted into the culture medium (Fig. 1 ). YscM1 and YscM2 were found in the supernatant of digitonin-extracted HeLa cells, suggesting that both regulatory proteins are injected into the cytoplasm of host cells (Fig. 1) .
SycH is required for type III targeting of YscM1, YscM2, and YopH. To study the role of sycH in type III transport of YscM1 and YscM2, Y. enterocolitica EC13 (⌬sycH) was used for infection of HeLa cells (Fig. 1) . In the absence of their cognate chaperone, YscM1, YscM2, and YopH were not detected in the supernatant of digitonin-extracted cells, suggesting that sycH is indeed required for the injection of all three substrates (Fig. 1) . Failure of the mutant strain to inject YscM1, YscM2, or YopH was accompanied by a decrease in synthesis of YopE and YopR as well as by the loss of YopR secretion (Fig. 1 ). This defect in regulation was fully complemented in trans by expression of plasmid-borne wild-type sycH (pEC441) (Fig. 1) . Further, overexpression of sycH resulted in injection of YopH and in the secretion of this protein into the extracellular medium. In contrast, the fidelity of YopR secre- (22) to the C-terminal end of secretion substrates (YscM1 and YscM2 in this study) in an effort to measure type III injection via FlAsH labeling (see below) ( Fig. 2A) . Because overexpression of yscM1 or yscM2 in wild-type yersiniae leads to repression of the yop virulon (52), plasmids pEC159 (yscM1-cys 4 ) and pEC160 (yscM2-cys 4 ) were transformed into Y. enterocolitica EC2 [⌬(yscM1, yscM2)]. Bacteria were cultured in TSB supplemented with 5 mM EGTA (ϪCa 2ϩ ) at 37°C to induce type III secretion. Cultures were centrifuged, and the extracellular medium was separated from the bacterial sediment. Proteins in each fraction were precipitated with trichloroacetic acid (TCA) and analyzed by SDS-PAGE and immunoblotting. YscM1-Cys 4 and YscM2-Cys 4 were synthesized in strain EC2 and secreted into the culture medium (Fig. 2B) . The synthesis and secretion of YopH was not affected by the expression of yscM1-cys 4 or yscM2-cys 4 (Fig. 2B) . Plasmids pEC159 and pEC160 were also transformed into Y. enterocolitica EC8 [⌬(yscM1, yscM2, sycH)] and examined for secretion of YscM1-Cys 4 , YscM2-Cys 4 , and YopH under low-calcium conditions (Fig. 2B) . YscM1-Cys 4 and YscM2-Cys 4 were found in the culture medium, albeit at reduced levels, suggesting that sycH is not absolutely required for YscM1 or YscM2 secretion in vitro. In contrast, YopH was synthesized but not secreted by strain EC8 (Fig. 2B) .
Y. enterocolitica strain EC8 harboring plasmids pEC159 or pEC160 was used for infection of HeLa cells (Fig. 2C) . In the absence of sycH, expression of yscM1-cys 4 or yscM2-cys 4 led to severe repression of yop synthesis and both YscM1-Cys 4 and YscM2-Cys 4 failed to be targeted into the cytoplasm of HeLa cells (Fig. 2C) . However, when strain EC8 was transformed with a second plasmid, pEC150 carrying sycH, YscM1-Cys 4 and YscM2-Cys 4 were recovered in the digitonin-soluble fraction, and the expression, secretion, and targeting of type III substrates was restored (Fig. 2C) . Thus, YscM1-Cys 4 and YscM2-Cys 4 are suitable substrates for FlAsH labeling studies when used in yersiniae expressing the SycH chaperone.
FlAsH, a bis-arsenical fluorophore whose emission is quenched by the chelator EDT, can bind to the C-terminal tetracysteine peptide tag appended to YscM1 and YscM2, thereby displacing the quencher and emitting fluorescent light at 535 nm (1, 18) . Y. enterocolitica EC8 expressing yscM1-cys 4 or yscM2-cys 4 (in the presence or absence of coexpressed sycH) were used to infect HeLa cells for 3 h, and cells were labeled with FlAsH-EDT 2 for 1 h. After washing, slides were examined by light and fluorescence microscopy. In the absence of sycH, strains expressing yscM1-cys 4 or yscM2-cys 4 did not result in FlAsH labeling of HeLa cells. However, in the presence of sycH, yscM1-cys 4 and yscM2-cys 4 expression led to FlAsH fluorescence of HeLa cells (Fig. 3B) . As expected, coexpression of yscM1-cys 4 or yscM2-cys 4 with sycH in the type III secretion mutant KUM1 (⌬yscV) did not result in FlAsH labeling of HeLa cells (Fig. 3B) . Together, these results corroborate the observation that YscM1 and YscM2 are injected into tissue culture cells and provide evidence that FlAsH labeling can be used as an assay for the detection of type III transport substrates in host cells.
YscM1 and YscM2 sequences required for regulation and secretion. YscM1 and YscM2 share a large degree of sequence identity with the N-terminal domain of YopH, spanning almost the entire length of these polypeptides (Fig. 4A) . In contrast to YscM1 and YscM2, YopH does not seem to display regulatory properties. The SycH binding domain of YopH has been mapped to residues 20 to 69 (56) , and recent structural information revealed surface exposed residues in YopH that are conserved in YscM1 and YscM2 (16, 49) (Fig. 4A) . As the SycH binding domain is important for the initiation of YopH, ) for 2 h at 26°C and then induced for type III secretion at 37°C for 3 h. Cultures were centrifuged to separate the bacterial pellet (P) from the culture supernatant (S). Proteins in both fractions were precipitated with TCA and analyzed by SDS-PAGE and immunoblotting with antisera (␣) raised against YscM1, YscM2, YopH, and chloramphenicol acetyltransferase (Cat). (C) Y. enterocolitica strain EC8 [⌬(yscM1, yscM2, sycH)] harboring plasmid pEC159 or pEC160 without (Ϫ) or with (ϩ) pEC150 (carrying sycH) were inoculated into HeLa cell monolayers for 3 h at 37°C and processed with digitonin fractionation as described for Fig. 1 . Protein from each fraction was analyzed by SDS-PAGE and immunoblotting with antisera raised against YscM1, YscM2, YopH, YopE, SycH, YopR, and p130
Cas .
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YscM1, and YscM2 transport into eukaryotic cells, we wondered whether one could distinguish YscM1 and YscM2 domains that are required for secretion from those that are needed for regulation (Fig. 4B) . By generating translational gene fusions, the cytoplasmic reporter protein neomycin phosphotransferase (Npt) was tethered to the C-terminal end of YscM1 and YscM2 (3 (8, 9) . The N-terminal GST fusions block the type III secretion of hybrid proteins and result in a failure to activate yop expression (8) . Y. enterocolitica W22703 expressing gst (pDA259), gstyscM1 (pEC346), or gst-yscM2 (pEC349) was cultured in the presence or absence of calcium, and YopE, YopH, YopQ, SycH, and the surface adhesin YadA were examined for synthesis and secretion (Fig. 5A ). Compared to a control strain expressing gst alone, gst-yscM1 and gst-yscM2 inhibited the synthesis of YopE, YopH, YopQ, and YadA but did not affect the synthesis of SycH (Fig. 5A) . Coexpression of sycH in strains expressing gst-yscM1 or gst-yscM2 led to a complete restoration of the synthesis of YopE, YopH, YopQ, and YadA (Fig. 5B) . YopQ, a factor that normally is not expressed in the presence of calcium, is synthesized under these conditions (Fig. 5B) . These results suggest that SycH binding to GST-YscM1 and GST-YscM2 is sufficient for the activation of yop expression and that secretion of YscM1 and YscM2 may not be absolutely required for this regulatory event.
When Y. enterocolitica W22703 expressing gst-yscM1 or gstyscM2 was used to infect tissue culture cells, digitonin fractionation and immunoblotting revealed a strong decrease in the synthesis of YopE, YopH, YopR, and SycH (Fig. 5C ). GSTYscM1 and GST-YscM2 remained associated with the bacterium and sedimented after digitonin extraction. Secretion of YopR into the extracellular medium and type III injection of YopE and YopH could not be detected (Fig. 5C ). Defects in Yop synthesis and protein localization were restored by coexpression of sycH with gst-yscM1 or gst-yscM2 in Y. enterocolitica W22703 (Fig. 5C ). As expected, GST-YscM1 and GST-YscM2 (carrying sycH) were inoculated into HeLa cell monolayers on glass coverslips for 3 h at 37°C. Culture medium was removed, and cells were washed and fixed with formaldehyde. Samples were labeled with 1 M FlAsH-EDT 2 for 1 h. Label was removed, and samples were washed, aspirated, and dried. Images were captured on an Olympus microscope with a Hamamatsu Ocra digital camera. Differential interference contrast (DIC) images were captured at a magnification of ϫ600, and fluorescence (FlAsH) was captured at 535-nm emission. Bar, 20 m.
failed to be transported into the host cell cytoplasm; however, secretion of YopR and injection of YopE and YopH were restored to wild-type levels (Fig. 5C) . It therefore appears that the binding of SycH to YscM1 and YscM2 may be sufficient to activate yop expression.
The cytotoxicity of HeLa cells associated with Yersinia infections results in rounding of cells due to cytoskeletal rearrangements, a morphological phenomenon that can be measured through actin staining with fluorophore-conjugated phallotoxins (47) . Y. enterocolitica W22703 (wild type), KUM1 (⌬yscV), and EC1 (⌬pYVe227) were used to infect HeLa cells for 3 h. Cells were fixed, permeabilized with Triton X-100, and stained with Texas red-conjugated phalloidin. After washing, slides were prepared and viewed by light and fluorescence microscopy. As reported previously, wild-type Yersinia induced cytotoxicity and rounding of HeLa cells (Fig. 6A) . The type III secretion-defective mutant KUM1 (⌬yscV) failed to cause cytotoxicity as did EC1 (⌬pYVe227), a strain that lacks the virulence plasmid (Fig. 6A) . These data corroborate the previously established notion that tissue culture cytotoxicity is a type III-dependent process requiring the injection of effector Yops (47) . When gst-yscM1 or gst-yscM2 was expressed in wildtype Yersinia during HeLa cell infection, no cytotoxicity was observed (Fig. 6B) . This phenotype does not appear to be due 
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to a defect in bacterial adhesion (data not shown) but is likely caused by GST-YscM1-or GST-YscM2-mediated repression of effector yop genes (Fig. 5C ). Coexpression of sycH with gst-yscM1 or gst-yscM2 restored cytotoxicity of HeLa cells (Fig.  6C) . Thus, SycH binding to GST-YscM1 or GST-YscM2 is sufficient to induce synthesis and injection of effector Yops or cytotoxicity, consistent with the notion that YscM1 and YscM2, in the abnormal circumstance of SycH overexpression, need not be transported out of the bacterial cytoplasm for SycHmediated activation of yop expression.
GST-SycH activates Yersinia
Yop injection without initiating YscM1, YscM2, and YopH into the type III pathway. Previous studies demonstrated that fusion of GST to the N terminus of SycE resulted in hybrid chaperones that failed to promote YopE injection during infection, although chaperone binding to substrate remained unaffected (11) . To reciprocally examine the interaction between YscM1 or YscM2 with SycH, we expressed gst-sycH (pEC442) in strain EC13 (⌬sycH) (Fig. 7A) . When gst-sycH was expressed during infection of HeLa cells, digitonin fractionation revealed that the hybrid protein was expressed and GST-SycH sedimented with adherent bacteria. The expression of gst-sycH abolished the injection of YscM1 and YscM2 and significantly reduced the targeting of YopH, without affecting the synthesis and secretion of YopR or the synthesis and injection of YopE (Fig. 7A) .
To examine whether GST-SycH binds YscM1, YscM2, and YopH, strain EC13 expressing either gst (pDA259) or gst-sycH was cultured and cells were harvested and lysed. Clarified lysates were subjected to affinity chromatography on glutathione-Sepharose, the columns were washed, and retained peptides were eluted with glutathione (32) . SDS-PAGE and immunoblotting revealed that GST-SycH bound YscM1, YscM2, and YopH (Fig. 7B) . Thus, even though GST-SycH binds YscM1, YscM2, or YopH, the hybrid chaperone does not ini- -yscM1 ), or pEC349 (carrying gst-yscM2) was cultured in TSB supplemented with 5 mM CaCl 2 (ϩCa 2ϩ ) or 5 mM EGTA (ϪCa 2ϩ ) for 2 h at 26°C and then induced for type III secretion at 37°C for 3 h. Cultures were centrifuged to separate the bacterial pellet (P) from the culture supernatant (S). Proteins in both fractions were precipitated with TCA and analyzed by SDS-PAGE and immunoblotting with antisera (␣) raised against GST, YopE, YopH, YopQ, YadA, and SycH. (B) Same as for panel A, except that each strain also harbors pEC150 (carrying sycH). (C) Y. enterocolitica W22703 harboring plasmid pDA259, pEC346, or pEC349 without (Ϫ) or with (ϩ) pEC150 was inoculated into HeLa cell monolayers for 3 h at 37°C and processed with digitonin fractionation as described for Fig. 1 . Protein from each fraction was analyzed by SDS-PAGE and immunoblotting with antisera raised against GST, YopE, YopH, SycH, YopR, and p130
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on August 15, 2017 by guest http://jb.asm.org/ tiate bound substrates into the type III injection pathway, similar to GST-SycE. These results also suggest that SycH binding to YscM1 and YscM2 activates yop expression without type III transport. We used strain EC13 (⌬sycH) to infect HeLa cells and measured cytotoxicity. When expressing gst alone as a control, strain EC13 was defective for cytotoxicity after 3 h of incubation (Fig. 8) . Restoration of cytotoxicity was achieved through the expression of either sycH (pEC441) or gst-sycH (pEC442) (Fig. 8) .
SycH regulation of yop expression at the level of synthesis, independent of factors regulating secretion. Using yopQ as a model to study regulation, previous work identified Yersinia genes with distinct regulatory functions. Class I genes (yopN, sycN, tyeA, and yscB) regulate YopQ secretion, whereas class II genes (yopD, lcrH, yscM1, and yscM2) regulate YopQ synthesis (2, 9). To categorize sycH by the same parameters, we cultured Y. enterocolitica strains in the presence and absence of calcium and measured YopQ synthesis and secretion (Fig. 9A) . As reported earlier, Y. enterocolitica W22703 (wild type) did not synthesize YopQ until induced by the low-calcium signal, resulting in simultaneous synthesis and secretion of the polypeptide. Synthesis of YopQ was severely attenuated in strain EC13 (⌬sycH); however, YopQ secretion was not affected. Furthermore, YopQ was synthesized in the presence of calcium in FIG. 6 . SycH binding relieves the block in HeLa cell cytotoxicity imposed by GST-YscM1 or GST-YscM2 expression. (A) Y. enterocolitica strains W22703 (wild type), KUM1 (⌬yscV), and EC1 (⌬pYVe227) were inoculated into HeLa cell monolayers on glass coverslips for 3 h at 37°C. Culture medium was removed, and cells were washed, fixed with formaldehyde, and permeabilized with 1% Triton X-100. Samples were blocked with skim milk and labeled with 165 nM Texas red-conjugated phalloidin for 20 min. Label was removed, and samples were washed, aspirated, and dried. Images were captured on an Olympus microscope with a Hamamatsu Ocra digital camera. Differential interference contrast (DIC) images were captured at a magnification of ϫ1,000, and fluorescence was measured at 608-nm emission. Samples were compared with a slide that received no bacteria (uninfected). (B) Y. enterocolitica W22703 harboring plasmid pDA259 (carrying gst), pEC346 (carrying gst-yscM1), or pEC349 (carrying gst-yscM2) was used in HeLa cell infections and stained as described for panel A. (C) Same as for panel B, except that each strain also harbors pEC150 (carrying sycH). Bar, 20 m.
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wild-type yersiniae overexpressing sycH from a plasmid (Fig.  9A ). This phenotype is identical to that of the class II mutant strains VTL2 (⌬yopD), CT133 (⌬lcrH), and EC2 [⌬(yscM1, yscM2)]. Each of these strains was derepressed for YopQ synthesis, and the regulation of type III secretion was left intact (Fig. 9A) . These results suggest that SycH specifically counteracts the function of class II gene product-mediated regulation through its binding to YscM1 or YscM2. Data described herein suggest that SycH is required for the injection of three different type III substrates. If so, competition of substrate molecules for binding to SycH could function as a switch that controls the amplitude of yop expression. To test this possibility, strain EC10 (⌬yopH) lacking the yopH gene was generated and analyzed for YopQ, YscM1, YscM2, and SycH synthesis and secretion and compared to wild-type yersiniae (Fig. 9B) . The expression profile of yopQ in strain EC10 was identical to that of wild-type yersiniae, suggesting that SycH is not sequestered by YopH under calcium-rich conditions. Concentrations of YscM1, YscM2, and SycH were identical in strains EC10 and W22703, a result that is consistent with the notion that changes in the concentration of cognate secretion substrates do not play a role in regulating effector yop expression. It is conceivable that a functional property of SycH may be altered by changes in environmental calcium signals, thereby affecting class II-mediated repression of effector yop genes (Fig. 9B) . Alternatively, changes in the intrabacterial concentration of YopH may allow YscM1 and YscM2 binding to SycH.
To examine a genetic relationship between the regulatory function of sycH with low-calcium-response (class I) genes, we analyzed YopQ synthesis and secretion in strain VTL1 (⌬yopN), expressing either gst, gst-yscM1, or gst-yscM2 (Fig.  9C) . GST-YscM1 and GST-YscM2 were both capable of blocking yopQ expression in the class I mutant. It should be noted that GST-YscM1 and GST-YscM2 are nonfunctional in either VTL2 (⌬yopD) or CT133 (⌬lcrH) (9) . YopQ synthesis and secretion were restored when sycH (pEC150) was coexpressed with GST-YscM1 or GST-YscM2 (Fig. 9C) . These results indicate that SycH acts at the level of class II-mediated regulation while secretion of Yop proteins is governed by mechanisms that depend on class I genes.
Intracellular association of YscM1 and YscM2 with SycH. If one presumed YscM1 and YscM2 to exert regulatory functions prior to SycH binding, yersiniae growing in the presence of calcium would be expected to harbor both YscM1 and YscM2 molecules without and with association to SycH (repressing conditions). To test this hypothesis, wild-type Yersinia strain W22703 was cultured in the presence of calcium and cells were harvested and lysed. Clarified lysates were subjected to gel filtration chromatography, and eluate was collected in 1-ml fractions and analyzed by SDS-PAGE and immunoblotting FIG. 7 . GST-SycH binds YopH, YscM1, and YscM2 without initiating bound polypeptides into the type III pathway. (A) Y. enterocolitica EC13 (⌬sycH) harboring the plasmid pEC442 (carrying gst-sycH) was inoculated into a HeLa cell monolayer for 3 h at 37°C and processed with digitonin fractionation as described for Fig. 1 . Protein from each fraction was analyzed by SDS-PAGE and immunoblotting with antisera (␣) raised against GST, YscM1, YscM2, YopH, YopE, YopR, and p130
Cas . (B) Y. enterocolitica EC13 harboring the plasmid pDA259 (carrying gst) or pEC442 (carrying gst-sycH) was cultured in TSB supplemented with 5 mM CaCl 2 (ϩCa 2ϩ ) for 2 h at 26°C and then induced for type III secretion at 37°C for 3 h. Cultures were centrifuged, and the bacterial pellets were suspended in lysis buffer. Cells were broken in a French pressure cell, lysates (⌽) were centrifuged, and the supernatant was loaded (L) onto glutathione-Sepharose. The flowthrough (FT) was collected, and the columns were washed three times (W 1 , W 2 , and W 3 ) with buffer. Columns were eluted (E) with 20 mM glutathione. Protein fractions were analyzed by SDS-PAGE and immunoblotting with antisera (␣) raised against GST, YscM1, YscM2, and YopH.
FIG. 8. Cytotoxic defect of sycH mutant yersiniae is relieved by expression of SycH or GST-SycH. Y. enterocolitica strain EC13 (⌬sycH)
harboring plasmid pDA259 (carrying gst), pEC441 (carrying sycH), or pEC442 (carrying gst-sycH) was inoculated into HeLa cell monolayers on glass coverslips for 3 h at 37°C and processed as described for Fig.  6 . Differential interference contrast (DIC) images were captured at a magnification of ϫ1,000, and fluorescence was measured at 608-nm emission. Bar, 20 m. (Fig. 10A) . SycH eluted as a peak with most of the immunoreactive material in fractions 15 and 16. YscM1 and YscM2 each separated into two peaks. For YscM1, the majority coeluted with SycH in fractions 15 and 16; however, a second peak with much less immunoreactive material eluted in fraction 19 (Fig. 10A) . Most of YscM2 did not coelute with SycH and migrated with major and minor peaks in fractions 19 and 23, respectively (Fig. 10A) . These data suggest that while most of YscM1 may be bound to SycH, the majority of YscM2 appears unbound and could be competent for regulation. When cells were grown in the absence of calcium (Fig. 10B) , the peak fraction of SycH shifted to 17 while the major peaks of YscM1 and YscM2 remained unaltered. As expected for secretion substrates, the total intracellular population of both factors was greatly reduced under type III secretion conditions. Because the peak fractions of YscM1 and YscM2 did not shift in the absence of calcium, we sought to determine whether coelution of YscM1 and YscM2 with SycH actually represented a YscM-SycH complex. To test this, strain EC13 (⌬sycH) was cultured in the presence of calcium and analyzed similarly to wild-type Yersinia (Fig. 10C) . Elution of YscM1 and YscM2 at fraction 16 disappeared, and the entire population of YscM1 shifted to a peak elution at fraction 19, confirming that coelution of YscM1 and YscM2 with SycH at fraction 16 in wild-type Yersinia represents bound complex. These data also explain the hyperrepression phenotype of the EC13 strain. Overall, these experiments suggest that unbound YscM1 and YscM2 may be required for regulation of yop expression.
DISCUSSION
Previous studies proposed that upon calcium signaling, the depletion of LcrQ (YscM1 and YscM2) from the cytoplasm of yersiniae functions as a mechanism to activate effector yop expression (43, 46) . Because LcrQ was found to be secreted under low-calcium conditions, it was assumed that yersiniae also secrete LcrQ into the extracellular medium of infected tissue culture cells (43) . Recent work suggested that yersiniae perceive a low-calcium signal via the insertion of type III needle complexes into the plasma membrane and cytoplasm of target cells (27, 34 Cas , a cytoplasmic factor of eukaryotic cells, and with the injected effectors YopE and YopH. Localization of YscM1 and YscM2 into the digitonin-soluble fraction required SycH, a cytosolic chaperone that is also necessary for the injection of YopH. A new assay was developed to measure the targeting of Yersinia proteins into host cells. FlAsH, a bis-arsenical fluorophore (1), binds to the C-terminal tetracysteine peptide tag of engineered YscM1-Cys 4 and YscM2-Cys 4 in the cytoplasm of eukaryotic cells, providing for the microscopic detection of injected polypeptides. Taken together, these data suggest that YscM1 and YscM2 are injected into the cytoplasm of tissue culture cells in response to a low calcium signal.
SycH is not required for the negative regulatory properties of YscM1 and YscM2 but is necessary for the injection of the two type III substrates (8, 57) . We therefore sought to determine whether SycH contributes to regulating effector yop expression. Previous work demonstrated that GST-YscM1 and GST-YscM2 prevent effector yop expression (8) . It was assumed that this repression is irreversible, as GST-YscM1 and GST-YscM2 cannot be transported by the type III machinery (8) . However, compared to strains expressing only gst-yscM1 and gst-yscM2, coexpression of sycH with either gst-yscM1 or gst-yscM2 restored synthesis and secretion of effector Yops. These results suggest also that SycH binding to YscM1 and YscM2 may function as a mechanism to activate yop expression.
We imagine that YopD, LcrH, YscM1, YscM2, and SycH function together to control effector Yop synthesis prior to host cell contact. This regulatory mechanism implies that the type III apparatus is capable of transporting some Yop proteins prior to host cell contact, which has indeed been observed, as YopB, YopD, YopR, and LcrV are found in the extracellular medium prior to bacterial adherence to target cells (33, 35, 36) . Target cell contact and calcium signaling are believed to function as a switch that activates effector Yop synthesis (43) . Because SycH binding to YscM1 and YscM2 abolishes the repressor function of YopD, LcrH, YscM1, and YscM2, one can view SycH as one of the regulatory molecules involved in flipping the switch. Further, it seems that SycHmediated regulation does not require transport of YscM1 or YscM2, although type III secretion may contribute to regulation. Three arguments support this conjecture: (i) nonsecretable GST-YscM1 and GST-YscM2 are inhibited by SycH, (ii) GST-SycH can activate Yop synthesis without targeting YscM1 and YscM2 in host cells, and (iii) SycH-induced synthesis of effector Yops does not require type III transport.
How can Yersinia employ SycH binding to YscM1 and YscM2 and activate Yop synthesis in response to bacterial docking on target cells? One possible mechanism could be changes in the concentration of intrabacterial SycH upon target cell contact. In support of this mechanism, it seems important that YopD, LcrH, YscM1, and YscM2 do not regulate sycH expression. Thus, a burst of SycH synthesis or changes in its stability could lead to the activation of Yop synthesis, and future work will need to consider all mechanisms that could increase SycH concentration. Regulation of the activity of SycH binding to YscM1 and YscM2, for example, as a posttranslational chaperone modification, may represent another possible mechanism that has hitherto not been explored.
YopD, LcrH, YscM1, and YscM2 control the synthesis, but not the secretion, of Yop proteins. This is demonstrated through analysis of YopQ synthesis and secretion in the presence of calcium in vitro. Mutations in yopD, lcrH, yscM1, or yscM2 (class II genes) promote the translation of yopQ in the presence of calcium but do not promote secretion under these conditions (9) . Expression of sycH in wild-type yersiniae predictably results in the same phenotype, as a sycH mutant strain is defective for YopQ synthesis but not secretion. Synthesis and secretion of YopQ in the presence of calcium is achieved with mutations in yopN, sycN, tyeA, and yscB (class I genes). By expressing gst-yscM1 or gst-yscM2 in a yopN mutant, it is observed that regulation is left intact. This suggests that SycH functions at the level of Yop synthesis. Further, the observation that GST-YscM1 and GST-YscM2 are functional in a class I mutant suggests that class II-mediated regulation is independent of the circuit that regulates secretion in response to the low-calcium signal. Coexpression of sycH with gst-yscM1 or gst-yscM2 restored synthesis of YopQ, presumably through binding of SycH to YscM1 and YscM2, and the YopQ polypeptide was secreted in the presence of calcium because of the class I mutation. Taken together, these findings suggest that SycH functions exclusively at the level of class II-mediated regulation of type III secretion.
